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Abstract
Matter-wave interferometry has been performed with helium atoms in high Rydberg states.
In the experiments the atoms were prepared in coherent superpositions of Rydberg states with
different electric dipole moments. Upon the application of an inhomogeneous electric field, the
different forces on these internal state components resulted in the generation of coherent superpo-
sitions of momentum states. Using a sequence of microwave and electric field gradient pulses the
internal Rydberg states were entangled with the momentum states associated with the external
motion of these matter waves. Under these conditions matter-wave interference was observed by
monitoring the populations of the Rydberg states as the magnitudes and durations of the pulsed
electric field gradients were adjusted. The results of the experiments have been compared to, and
are in excellent quantitative agreement with, matter-wave interference patterns calculated for the
corresponding pulse sequences. For the Rydberg states used, the spatial extent of the Rydberg
electron wavefunction was ∼ 320 nm. Matter-wave interferometry with such giant atoms is of
interest in the exploration of the boundary between quantum and classical mechanics. The results
presented also open new possibilities for measurements of the acceleration of Rydberg positronium
or antihydrogen atoms in the Earth’s gravitational field.
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I. INTRODUCTION
The use of inhomogeneous electric fields to control the motion of atoms or molecules in
Rydberg states with high principal quantum number, n, was first suggested by Wing [1],
and Breeden and Metcalf [2] in the early 1980s. However, it was not until work by Softley
and co-workers in the late 1990s that experiments were performed in which such control
was demonstrated [3]. In these experiments, krypton Rydberg atoms travelling in pulsed
supersonic beams were state-selectively deflected in an inhomogeneous dipolar electric field
with a gradient perpendicular to the direction of propagation of the atoms. This apparatus
represented an electric analogue of that of Gerlach and Stern in which space quantisation
was first identified [4, 5]. These experiments were followed by further deflection, and ul-
timately acceleration and deceleration experiments with beams of H2 [6]. This early work
subsequently led to the development of the methods of Rydberg-Stark deceleration, initiated
by Merkt and co-workers, for controlling the translational motion of, and trapping, atoms
and molecules in high Rydberg states. The experimental tools that have been developed
in this context include deflectors [3, 6, 7], guides [8–11], velocity selectors [12], lenses [13],
mirrors [14, 15], beamsplitters [16], decelerators [6, 17, 18], and traps [19–24]. These have
been implemented with atoms composed of matter and antimatter, and with molecules. The
methods of Rydberg-Stark deceleration have contributed to new approaches to the study of
low-temperature ion-molecule reactions [25, 26], allowed investigations of excited-state decay
processes, including effects of blackbody radiation, on time scales that were not previously
possible [27], and played an essential role in recent developments in positronium physics [28].
In all Rydberg-Stark deceleration experiments up to now, the atoms or molecules were
prepared in selected Rydberg states by laser photoexcitation, and, under the conditions in
which the experiments were performed, quantisation of the motional states of the samples
could be neglected. Consequently, this set of methodologies can be classified as incoherent
Rydberg atom or molecule optics. Here we present the results of Rydberg-Stark deceleration
experiments performed with atoms prepared in coherent superpositions of Rydberg states
with different electric dipole moments. In the presence of inhomogeneous electric fields the
different forces on these internal state components allow the generation of superpositions of
momentum states which have been exploited for Rydberg-atom interferometry. Experiments
of the kind reported here may be classified as coherent Rydberg atom optics. The results
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presented open new opportunities in the exploration of the boundary between quantum and
classical mechanics, the study of spatial decoherence in large quantum systems [29], and
measurements of the acceleration of neutral particles composed of antimatter, e.g., Rydberg
positronium or antihydrogen, in the gravitational field of the Earth [30–33].
Matter-wave interferometry [34, 35] in which the forces exerted by inhomogeneous elec-
tric or magnetic fields on atoms or molecules in coherent superpositions of internal states
with different dipole moments was considered from a theoretical perspective since the early
1950s [36–38]. This led to the realisation of an early electric atom interferometer [39, 40], and
later the magnetic longitudinal Stern-Gerlach atom interferometer [41–43] – both demon-
strated with hydrogen atoms in metastable n = 2 levels. In the latter, atoms in coherent
superpositions of Zeeman sublevels travelled through a static inhomogeneous magnetic field.
As they entered the field, acceleration and deceleration of the two components of the ini-
tial internal state superposition resulted in the generation of a superposition of momentum
states each with a different de Broglie wavelength, λdB. When the atoms exited the field
the subsequent deceleration and acceleration of the two matter-wave components returned
their momenta to the initial value. However, because of their different flight times through
the magnetic field a spatial separation between the centres of mass of the two matter waves
remained. This spatial separation, if equal to λdB (λdB/2) led to constructive (destruc-
tive) matter-wave interference which was monitored by projecting the final superposition
of Zeeman sublevels onto the stationary basis states. Interference fringes were observed by
monitoring the internal quantum states of the detected atoms as the strength of the magnetic
field was adjusted.
Recently, in a similar vein, coherent momentum splitting of laser cooled rubidium atoms,
prepared in chip-based magnetic traps, was demonstrated using pulsed inhomogeneous mag-
netic fields and a sequence of radio-frequency (RF) pulses to prepare, and coherently manip-
ulate, ground-state Zeeman sublevels [44]. In these experiments a pi/2 pulse of RF radiation
was first applied to prepare a coherent superposition of sublevels with magnetic dipole mo-
ments of equal magnitude but opposite orientation, in a homogeneous background magnetic
field. The atoms were then subjected to a pulsed inhomogeneous magnetic field. The forces
exerted by this field gradient on each component of the internal-state superposition resulted
in the generation of a superposition of momentum states. Spatial interferences between the
resulting pairs of matter waves were then observed by state-selective imaging of the atoms
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by laser induced fluorescence.
The Rydberg-atom interferometer presented here represents an electric analogue of the
longitudinal Stern-Gerlach interferometer. It has been implemented using a sequence of
microwave pulses to coherently prepare and manipulate selected pairs of Rydberg states.
These are interspersed with a pair of electric field gradient pulses to generate spatially
separated momentum components. In this scheme a first pi/2 microwave pulse is used to
create a superposition of two circular Rydberg states in helium before inhomogeneous electric
fields, in conjunction with a pi pulse of microwave radiation, are applied to generate a spatial
separation between the two momentum components associated with this superposition. A
second pi/2 microwave pulse then projects the internal states back onto the circular basis
states before state-selective detection of the atoms is carried out by pulsed electric field
ionisation.
The remainder of this article is structured as follows: In Sec. II the Rydberg-atom inter-
ferometry scheme used in the experiments is presented. The apparatus and methodologies
used to implement this scheme are then described in Sec. III. Following this, the results of
a set of microwave spectroscopic studies conducted to characterise the Rydberg states and
the electric and magnetic fields used in the experiments are outlined in Sec. IV before the
results of the Rydberg-atom interferometry experiments are described in Sec. V. Finally, in
Sec. VI conclusions are drawn and prospects for future studies briefly discussed.
II. INTERFEROMETRY SCHEME
The interferometry scheme implemented in the experiments reported here relies on the
creation of a superposition of two Rydberg states with different (induced) electric dipole
moments, ~µelec,i. In this case we use the n = 55 and n = 56 circular Rydberg states denoted
|55c〉 and |56c〉 . Beginning with an atom in the |55c, ~p0〉 state, where ~p0 = m~v0 is the initial
momentum of the atom with velocity ~v0 and mass m, a pulse of microwave radiation resonant
with the |55c〉 → |56c〉 transition is applied for a duration such as to cause a coherent pi/2
rotation of the Rydberg-state population on the Bloch sphere. This operation results in the
generation of an equal coherent superposition of the |55c, ~p0〉 and |56c, ~p0〉 states.
Atoms in this internal-state superposition are then subjected to a pulsed electric field
gradient, ∇~F . In this field gradient each component of the superposition experiences a force
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proportional to its electric dipole moment and hence accelerates. This state-dependent
acceleration is given by ~ai = ~µelec,i · ∇~F/m. Since the two internal states have different (in-
duced) electric dipole moments they accelerate by a different amount and when the gradient
pulse is switched off two matter-wave components with different momenta are generated
as can be seen, for example, from the classical phase-space trajectories in Fig. 1(a). Over
time, this momentum difference causes a relative displacement between the two matter waves
[Fig. 1(b)]. At the end of this stage of the interferometry procedure the quantum state of the
system may therefore be described as an equal coherent superposition of the |55c, ~p0 +d~p55c〉
and |56c, ~p0 + d~p56c〉 states, where d~pi is the state-dependent change in momentum.
Next, a second microwave pulse is applied to induce a pi rotation on the Bloch sphere.
This inverts the atomic population, i.e., |55c, ~p0 + d~p55c〉 → |56c, ~p0 + d~p55c〉 and |56c, ~p0 +
d~p56c〉 → |55c, ~p0 + d~p56c〉. The atoms are then subjected to a second pulsed electric field
gradient identical to the first. This combination of pi and gradient pulses has the effect of
transforming the momenta of the two components of the superposition state to be equal
since the component that was accelerated more (less) by the first electric field gradient is
accelerated less (more) by the second. The resulting quantum state of the system then
becomes an equal superposition of the |56c, ~p0 + d~p55c + d~p56c〉 = |56c, ~p1〉 and |55c, ~p0 +
d~p56c + d~p55c〉 = |55c, ~p1〉 states, where ~p1 = ~p0 + d~p55c + d~p56c. At this stage in the sequence
of pulses the displacement of the centres of mass of the two matter wave components is fixed
since they have equal momenta (see Fig. 1). They also have equal de Broglie wavelengths
which allows for the observation of high contrast interference.
To complete the interferometry scheme a final pi/2 microwave pulse is applied to project
the final internal-state superposition onto the |55c〉 and |56c〉 basis states. Since the internal
Rydberg states of the atoms are entangled with the external motional states at the end
of this interferometry procedure, selective detection of the populations of these two circular
Rydberg states allows the effects of mater-wave interference to be observed. The final spatial
separation of the two matter-wave components is governed by the magnitude and duration of
the electric field gradient pulses, and the free evolution time between them. Rydberg-atom
interference fringes can therefore be seen by adjusting these parameters.
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FIG. 1. Calculated classical phase-space trajectories of helium atoms in the Rydberg-atom inter-
ferometer. (a) The velocity, and (b) the relative position in the y dimension of the trajectories
demonstrating equal momenta and a fixed spatial separation at the end of the interferometry pro-
cedure. For these calculations v0 = 2000 m/s, Vgrad = 1.3 V, Tgrad = 525ns and τgrad = 130 ns (see
text for details).
III. EXPERIMENT
Fig. 2 shows a schematic diagram of the experimental setup. A pulsed supersonic
beam of metastable helium atoms was generated in an electric discharge at the exit of a
pulsed valve [45]. The mean velocity of the atoms in this beam was ~v0= (0,2000,0) m/s.
After passing through a 2-mm-diameter skimmer, ions from the discharge were filtered
and the atoms entered into a wedge shaped pair of 105 × 70 mm copper electrodes la-
belled E1 and E2 in Fig. 2. These electrodes were separated by 11.5 mm (35.8 mm)
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FIG. 2. Schematic diagram of the experimental apparatus. Rydberg atom photoexcitation and
interferometry were performed within the wedge structure formed by electrodes E1 and E2. State-
selective detection by pulsed electric field ionisation occurred between electrodes E3 (partially
transparent in the figure) and E4. The MCP detector, to which the ionised electrons were acceler-
ated, was located behind E4.
in the x dimension at the end nearest to the ion filter (detection region). Hence, for a
potential difference of Vgrad between them, the electric field gradient on the axis along
which the atomic beam propagated was ∇~F = Vgrad (0,0.056,0) V/cm2. At the posi-
tion between these electrodes where their separation in the x dimension was 19 mm the
atoms were prepared in the |n = 55, ` = 54,m` = +54〉 ≡ |55c〉 circular Rydberg state
using the crossed fields method [46, 47]. To implement this, laser photoexcitation was
carried out in the presence of perpendicular pulsed electric and static magnetic fields of
(3.15,0,0) V/cm and (0,0,15.915) G, respectively. In this process the atoms were excited
from the metastable 1s2s 3S1 level to the intermediate 1s3p
3P2 level and then the outer
n = 55 Rydberg-Stark state using focused, co-propagating cw lasers in the ultraviolet
(λuv = 388.975 nm ≡ 25708.6 cm−1) and infrared (λir = 786.752 nm ≡ 12710.5 cm−1)
regions of the electromagnetic spectrum [48]. After photoexcitation the electric field was
switched off adiabatically to transfer the atomic population into the |55c〉 state as indicated
in Fig. 3(a).
When circular state preparation was completed, the sequence of microwave and electric
field gradient pulses used to implement the Rydberg-atom interferometry scheme described
in Sec. II was applied. This sequence was initiated at time tµ = t0 + 2.575 µs [see Fig. 3(b)].
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At the end of this sequence, which lasted 2.1 µs, the atoms travelled for ∼60 µs [see Fig. 3(d)]
to the detection region of the apparatus, ∼ 130 mm downstream from the position of laser
photoexcitation, where they were ionised by applying a slowly-rising potential of -530 V to
E3 generating fields of up to ∼115 V/cm directed parallel to the background magnetic field.
The resulting electrons were accelerated through an aperture in E4 to a microchannel plate
(MCP) detector. Since the |56c〉 state ionises in a lower field than the |55c〉 state, electrons
from atoms in this state appeared earlier in the time-of-flight distributions measured at the
MCP. By selecting appropriate windows in the time-of-flight distributions, the populations
of these two circular states of interest could be determined.
Circular Rydberg states were used in the experiments because the large electric dipole
moments for transitions between them allowed fast state preparation and manipulation
with pulsed microwave fields. These states also have a low sensitivity to weak stray elec-
tric fields and electric field noise resulting in minimal decoherence under these conditions.
Finally, since blackbody transitions from these states are significantly restricted by the elec-
tric dipole selection rules, changes in their population between the end of the interferometry
pulse sequence and the time when they were detected by pulsed electric field ionisation was
minimal.
IV. MICROWAVE SPECTROSCOPY
High-resolution microwave spectroscopic studies of the |55c〉 → |56c〉 transition were
carried out to calibrate and optimise the parameters required to implement the Rydberg-
atom interferometry scheme described in Sec. II. For the circular Rydberg states used in the
experiments the Stark energy shifts in an electric field ~F = (Fx, 0, 0) acting in the direction
perpendicular to the background magnetic field ~B = (0, 0, Bz) can be expressed as [46, 49]
Enc = m`
√(
µBBz
)2
+
(
3
2
neaFx
)2
, (1)
where m` is defined with respect to the magnetic field quantisation axis, and µB, e and a are
Bohr magneton, electron charge and Bohr radius corrected for the reduced mass, respectively.
In weak electric fields, i.e., when the electric field term in Eq. 1 is smaller than the magnetic
field term, this expression results in quadratic Stark shifts of the circular Rydberg states.
As the field strength is increased, the electric field term begins to dominate that associated
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FIG. 3. Sequence of pulsed electric potentials and microwave fields employed for Rydberg-atom
interferometry. (a) Pulsed potential applied to electrode E1 for Rydberg-state photoexcitation
and circular state preparation. (b) Set of three pulses of microwave radiation resonant with the
|55c〉 → |56c〉 transition employed for coherent internal state preparation and manipulation. (c)
Pair of pulsed potentials applied to electrode E2 to generate the electric field gradients required
for interferometry. (d) Slowly-rising pulsed potential applied to electrode E3 for detection by
state-selective electric field ionisation.
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FIG. 4. (a) Microwave spectra of the |55c〉 → |56c〉 transition showing the Stark shifts for offset
potentials, Voff , applied to E2. In this panel the vertical offset of each spectrum indicates the
value of Voff for which it was measured. (b) The quadratic function (continuous curve) fit to
the measured transition frequencies obtained from the data in panel (a). The zero-electric-field
transition frequency of νµ = 38.511313 GHz for an offset potential of Voff = -48 mV is indicated
by the dashed lines in panel (b).
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with the magnetic field and the Stark energy shifts become increasingly linear.
To compensate the (32, 0, 0) mV/cm motional Stark effect [50] and weak stray electric
fields in the apparatus, microwave spectra of the |55c〉 → |56c〉 transition were recorded for
a range of offset potentials, Voff , applied to E1. In recording these spectra microwave pulses
of 2 µs duration were applied at time tµ [see Fig. 3(b)]. The resulting data are presented
in Fig. 4(a) where the vertical offset of each spectrum corresponds to the value of Voff .
From the resonance frequencies in each of these spectra, determined by fitting Gaussian
functions to each dataset, and the corresponding value of Voff , the optimal compensation
potential was determined by fitting a function that depended quadratically on Voff . The
results of this procedure are displayed in Fig. 4(b) and yielded a minimum, i.e., a zero-
electric-field, transition frequency of νµ = 38.511 313 GHz for Voff = −48 mV. From this
transition frequency, the strength of the magnetic field at the position of the atoms in the
apparatus was determined, using the Rydberg formula and the expression in Eq. 1, to be
Bz = 15.915 G.
The accuracy of the hydrogenic expression in Eq. 1 for describing the Stark shifts of
|55c〉 and |56c〉 states of helium in weak perpendicular fields was tested by comparing ex-
perimentally recorded spectra with the calculated transition frequencies over a wider range
of electric fields. The results of these measurements are displayed in Fig. 5. In recording
these spectra the microwave intensity was set to ensure that < 10% population transfer
from the |55c〉 state to the |56c〉 state occurred. The spectral width of the transition in
the measurement made in the electric field closest to zero (see left axis), for which Voff =
-48 mV, is 590 kHz and corresponds approximately to the Fourier Transform limit of the 2 µs
duration microwave pulse. For the larger electric fields in which these spectra were recorded
the spectral features are broader. This is because in these fields the atoms are more strongly
polarised and therefore more sensitive to the inhomogeneity in the electric field and electric
field noise [51, 52]. The dashed curve and red points overlaid on the experimental spectra
in this figure represent the calculated and measured transition frequencies, respectively, and
exhibit excellent quantitative agreement. From Eq. 1 the maximal induced electric dipole
moments of the |55c〉 and |56c〉 states was determined to be 11 320 D and 11 740 D, respec-
tively. The difference in these dipole moments converges to its maximal value of 420 D in
fields above ∼ 0.6 V/cm.
To determine the appropriate length of time to apply microwave pulses to realise the three
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FIG. 5. Microwave spectra of the |55c〉 → |56c〉 transition in a magnetic field Bz = 15.915 G and
perpendicular electric fields as indicated on the left vertical axis. The corresponding values of the
offset potential, Voff , applied to E1 are indicated on the right. The dashed curve represents the
transition frequencies calculated using Eq. 1. The red points correspond to the experimentally
determined transition frequencies.
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coherent rotations on the Bloch sphere required to implement the interferometry scheme
described in Sec. II, i.e., a pi/2 pulse to create an internal-state superposition, a pi pulse
to invert the states, and a final pi/2 pulse to project back onto the basis states, the |55c〉
state was prepared as above and pulses of microwave radiation at the resonant frequency
νµ = 38.511 313 GHz were applied at a range of times, and with a range of durations. The
results of these measurements can be seen in Fig. 6 as Rabi oscillations in the population of
the |56c〉 state. The time delays of tµ, tµ + 965 ns and tµ + 2050 ns indicated in this figure
correspond to the timings of the three microwave pulses in the interferometry measurements.
From these results it was determined that the pulse durations required were τpi/2 = 48 ns
for the first pi/2 pulse, τpi = 88 ns for the pi pulse, and τpi/2 = 52 ns for the second pi/2
pulse. The inconsistency in the durations of these pulses, particularly the two pi/2 pulses, is
a consequence of the mode structure of the microwave field within the wedge configuration
between E1 and E2. The periodicity and decoherence rates of the Rabi oscillations vary
for the different time delays because of the inhomogeneity of the stray electric fields in
the electrode structure. At each time delay the atoms are in a different location (∼4 mm
difference between tµ and tµ + 2050 ns) and therefore experience slightly different electric
fields that shift the atomic transition frequency away from resonance with the microwave
field.
The coherence of the circular state superpositions prepared in the experiments was char-
acterised by Ramsey interferometry and spectroscopy. For these measurements, the results
of which are displayed in Fig. 7, only the 48- and 52-ns-duration pi/2 pulses were applied. In
the Ramsey interferometry measurement seen in Fig. 7(a) the time interval between these
pulses was adjusted as the population of the |56c〉 state was monitored. A first measurement
performed on resonance, i.e., for ∆νµ = 0 MHz, yielded an approximately constant popula-
tion of this state for all time intervals between the pi/2 pulses up to ∼ 1.5 µs. After this the
population reduced because of effects of decoherence and dephasing. In this set of data no
oscillations in the |56c〉 state population are observed because of the continuous evolution
of the phase of the gated microwave field in the time between the two pulses. On the other
hand, for a detuning of ∆νµ = +4 MHz periodic oscillations in the population of the |56c〉
state are seen. These occur, as expected, at the frequency of 4 MHz associated with the
detuning, and reduce in amplitude in a similar way to the data recorded on resonance. From
these data the decoherence times of these states were determined to be ∼ 5 µs, limited by
13
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FIG. 6. Rabi oscillations in the population of the |56c〉 state upon resonant driving of the |55c〉 →
|56c〉 transition for a fixed output power from the microwave source. Measurements were performed
at the time delays of (a) tµ, (b) tµ+965 ns and (c) tµ+2050 ns at which each of the three microwave
pulses required to implement the Rydberg-atom interferometry scheme detailed in Sec. II was
applied (see Fig 3).
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the motion of the atoms. Because of the onset of more significant decoherence for times
beyond 2.05 µs [dashed line in Fig 7(a)] this time interval was chosen as the maximal length
for the sequence of pulses used in the interferometry experiments.
A Ramsey spectrum of the |55c〉 → |56c〉 transition recorded in the frequency domain
with the same pair of pi/2 microwave pulses separated by a free-evolution time of 2002 ns,
corresponding to the application of the second pi/2 at time tµ + 2050 ns, is displayed in
Fig. 7(b). This spectrum further demonstrates the coherence of the atom–microwave-field
coupling over the time scales of interest in the experiments. It also indicates an ∼80%
fidelity of this Ramsey sequence close to resonance and the accurate identification of the
zero-electric-field resonance frequency for the transition.
V. RESULTS
Having characterised each of the elements of the sequence of microwave and electric field
gradient pulses required for Rydberg-atom interferometry, a series of experiments were per-
formed to study the operation of the interferometer. In these experiments, the relative
populations of the Rydberg states at the end of the interferometry procedure reflected the
spatial overlap of the de Broglie waves associated with the two components of the super-
position of momentum states at the time the second pi/2 microwave pulse was applied (see
Fig. 3). This spatial separation was dependent on both the amplitude and duration of
the electric field gradient pulses. Fig. 8(a) and (c) show interference patterns measured by
adjusting the amplitudes of the pulsed electric potentials applied to generate the gradient
pulses for two different gradient pulse durations, Tgrad = 325 and 525 ns. These durations
are the length of time for which the potentials applied to generate the gradients were at
their maximum value, Vgrad. In these cases each gradient pulse had rise and fall times of
τgrad = 130 ns. For each of these measurements the ratio of the |55c〉-electron signal to
that from the |56c〉 state is displayed and normalised to one for the maximum measured
signal in each data set. The signal maximum for values of |Vgrad| close to zero indicates that
the Rydberg-state population at the end of the interferometry sequence resided predomi-
nantly in the |55c〉 state. For the short gradient pulse of 325 ns [Fig. 8(a)], matter-wave
interference begins to become observable for values of |Vgrad| >∼ 0.2. The first interference
minimum, when the centres-of-mass of the two de Broglie wavepackets associated with the
15
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FIG. 7. (a) Ramsey interferogram, and (b) Ramsey spectrum of the |55c〉 → |56c〉 transition.
In (a) measurements performed for detunings of the microwave field from resonance of ∆νµ =
0 MHz and ∆νµ = +4 MHz are indicated by the blue and black data sets, respectively. The
separation of 2050 ns between the application of the two pi/2 microwave pulses used ultimately
for the Rydberg-atom interferometry experiments is indicated by the dashed vertical line. The
spectrum in (b) was recorded for microwave pulses of the same duration as those used in (a) but
for a fixed free-evolution time of 2002 ns.
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obtained for pairs of electric field gradient pulses with durations Tgrad = 325 and 525 ns, respec-
tively. The amplitude of the electric potential, Vgrad, applied to electrode E2 to generate the field
gradients is indicated on the horizontal axis. In all cases, τgrad = 130 ns.
two Rydberg-atom momentum components are displaced by λdB/2 at the time when the
last pi/2 microwave pulse was applied, is then observed for |Vgrad| ' 0.8. When the ampli-
tude of the pulsed gradients was further increased the larger forces exerted on the atoms
further displace the momentum components from each other with a displacement of the
corresponding de Broglie waves of λdB when |Vgrad| ' 1.2. The non-linear dependence of the
values of |Vgrad| at which these interference features occur is a result of the quadratic Stark
shifts of the circular Rydberg states in weak electric fields (see Eq. 1 and Fig. 5). For higher
values of |Vgrad| the contrast of the measured interference pattern reduces. A similar general
behaviour is seen in Fig. 8(c) recorded for Tgrad = 525 ns. For this longer pulse duration,
since the forces applied to generate the coherent superposition of momentum components
are greater, larger matter-wave separations are achieved for each value of Vgrad. In this case
the first interference minimum is observed for |Vgrad| ' 0.4 V while the following interference
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maximum occurs for |Vgrad| ' 0.7 V. A greater number of interference fringes are seen in this
data than in the data recorded for Tgrad = 325 ns. However, the dependence of the contrast
of the observed fringes on the value of |Vgrad| remains similar to that in Fig. 8(a). This
suggests that the loss of contrast is not a consequence of the displacement of the matter
waves but is instead correlated with the amplitude of the pulsed inhomogeneous electric
fields applied.
To aid in the interpretation of the experimental data in Fig. 8, numerical calculations
of the matter-wave interference patterns were performed. In these calculations the classical
equations of motion of atoms in the |55c 〉 and |56c 〉 states were solved in the magnetic and
time-dependent inhomogeneous electric fields used in the experiments. These calculations
were initiated after circular state preparation. From this time until the time at which the pi
pulse was applied, the forces exerted on each atom in the initial Rydberg state in which it
was prepared were determined. At the time of the pi pulse, the states for which the atomic
trajectories were calculated were inverted. The calculations then continued until the end of
the microwave pulse sequence. At this time, the spatial separation between the end points
of the two atomic trajectories was extracted (see, e.g., Fig. 1). The interference between two
plane waves with this separation and for which λdB = h/p0 = 50 pm, where p0 = |~p0|, was
then obtained. The resulting Rydberg-atom interference patterns in Fig. 8(b) and (d) which
were calculated for the values of Tgrad in Fig. 8(a) and (c), respectively, exhibit interference
fringes with the same periodicity as those in the experimental data. However, to achieve
the excellent quantitative agreement with the results of the experiments seen in this figure
it was necessary to incorporate into the calculations contributions from decoherence and
population loss from the circular states. Both of these effects depended exponentially on
the value of |Vgrad| resulting in interference patterns with intensity
I(Vgrad) = A [I0(Vgrad)− 0.5] exp
[
− |Vgrad|
Cdecoh.
]
+ exp
[
−|Vgrad|
Closs
]
+B, (2)
where I0(Vgrad) is the dependence of the normalised intensity of the interference pattern on
the value of |Vgrad|, excluding effects of dephasing, decoherence or circular state depopulation,
and A = 0.8 and B = −0.4 are constants. The decay constant, Cdecoh., associated with
decoherence of the superposition states, which caused the reduction in the contrast of the
interference fringes, was found to be 1.2 V. The decay constant, Closs, associated with the loss
in the total detected signal from the circular Rydberg states, which caused the reduction
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in the normalised signals in Fig. 8(a) and (c), was found to be 4.2 V. The decoherence
inferred from the results of these calculations is attributed to a combination of the finite
longitudinal coherence length of the momentum distribution in the atomic beam, effects
of electric field noise on the Rydberg states that increase when they are more strongly
polarised, and imperfections in the relative amplitudes of the pairs of electric field gradient
pulses. The elucidation of the mechanism that caused the loss in the total signal detected
as the value of |Vgrad| was increased required the performance of additional experiments.
However, from the results of the calculations in Fig. 8(b) and (d) it was determined that,
e.g., when |Vgrad| = 1.3 V in Fig. 8(c) and the second interference maximum is observed
the difference in the forces exerted on the two matter-wave components in the pulsed field
gradients was 1.4 × 10−24 N. This corresponds to a difference in acceleration of 220 m/s2
and a displacement of the centres-of-mass of the matter-waves at the time of the second pi/2
pulse of 100 pm (see also Fig. 1).
To identify the origin of the loss of signal at high values of |Vgrad| in Fig. 8, further
measurements were performed for Tgrad = 525 ns but for a range of values of τgrad. Data
recorded for τgrad = 70, 130 and 190 ns are displayed in Fig. 9. For clarity, only results
for Vgrad ≥ 0 are included in this figure. From these measurements it can be seen that
the greatest contrast in the interference patterns, and the greatest number of interference
fringes, occur for the slowest rise and fall times of the electric field gradient pulses, i.e., for
τgrad = 190 ns. The data recorded for τgrad = 130 ns, which corresponds to that in Fig. 8(c),
exhibits very similar characteristics with only slightly more significant decoherence and loss
in total signal at larger values of Vgrad. However, for the shortest rise time of τgrad = 70 ns the
situation is quite different. Not only is decoherence more apparent, but the total population
also decays faster than it does in the measurements with slower rise times. From this more
significant loss in total population from the two circular states for short rise and fall times,
it is concluded that this contribution to the measurements results from the non-adiabatic
evolution of the Rydberg states under these conditions. These non-adiabatic dynamics
transfer population out of the |55c〉 and |56c〉 states and into neighbouring lower m` states
as the pulsed fields are more rapidly switched from and to zero.
To confirm the attribution of the oscillations in the data in Fig. 8 to effects of matter-wave
interference, and that they are not a consequence of resonances or fluctuations introduced
by the pulsed electric fields, several further tests were performed. The results of these
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FIG. 9. Rydberg-atom interference patterns recorded for Tgrad = 525 ns and values of τgrad of
70, 130 and 190 ns, as indicated. For clarity only the parts of each interference pattern for which
Vgrad ≥ 0 are displayed. The data recorded for τgrad = 130 ns corresponds to Fig. 8(c). Note the
upper datasets in this figure are vertically offset for clarity.
are displayed in Fig. 10. For all of the measurements in this figure Tgrad = 525 ns and
τgrad = 130 ns. The data in Fig. 10(a) represents a reference measurement which corresponds
to that in Fig. 8(c). To check that the oscillations in the ratio of the circular state populations
upon application of the complete interferometry sequence of microwave and electric field
gradient pulses relied on the preparation and coherent manipulation of the superpositions
of Rydberg states the data in Fig. 10(b), (c) and (d) were recorded with the first pi/2, the
pi and all three microwave pulses omitted, respectively. No oscillations are seen with the
periodicity of those observed in Fig. 10(a) in any of these data sets. The data in Fig. 10(d),
20
0 +1 +2 +3 +4
Vgrad (V)
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
)stinu .bra( langis desila
mro
N
(e)
(d)
(c)
(b)
(a)
π/2 – ∇Fgrad – π – ∇Fgrad – π/2
∇Fgrad – π – ∇Fgrad – π/2
π/2 – ∇Fgrad – ∇Fgrad – π/2
∇Fgrad – ∇Fgrad
π/2 – F – π – F – π/2
FIG. 10. Measurements performed to validate the interpretation of the Rydberg-atom interference
patterns. (a) Reference measurement performed with the complete Rydberg-atom interferometry
pulse sequence, Tgrad = 525 and τgrad = 130 ns, as in Fig. 8(c). Interferometry sequences with
(a) the first pi/2 microwave pulse, (b) the pi pulse, and (d) all microwave pulses omitted. (e)
Measurement performed with electrodes E1 and E2 oriented parallel to each other. The electric
potentials on the horizontal axis in (e) have been scaled by 1.46 so that the corresponding electric
fields are comparable to those at the position of the atoms in datasets (a) to (d) (see text for
details).
21
in which no microwave pulses were applied and the normalised signal gradually reduces as
|Vgrad| is increased, confirms that the loss in the circular state populations for larger values
of |Vgrad| is a result of non-adiabatic internal Rydberg-state dynamics and is not caused by
decoherence of the superposition of momentum states.
As a final test, Fig. 10(e) shows the result of a measurement carried out with an identical
sequence of microwave and electric potential pulses to that in Fig. 10(a) but with the con-
figuration of electrodes E1 and E2 adjusted so that they were parallel to each other with a
separation in the x dimension of 13 mm. To account for the different electric fields the atoms
experience in this configuration for each value of |Vgrad|, when compared to that in the wedge
configuration, and to allow for a more direct comparison with the data in panels (a) to (d),
the potentials on the horizontal axis in Fig. 10(e) have been scaled by 1.46. In this situation
the applied pulsed electric potentials did not give rise to significant electric field gradients
at the position of the atoms and therefore no forces were exerted on the atoms by these
fields. No oscillations are observed in this data, further confirming that the oscillations in
the data recorded when the complete interferometry pulse sequence was applied arise from
matter-wave interference of spatially separated Rydberg-atom de Broglie waves.
VI. CONCLUSION
In conclusion, we have presented, and realised experimentally, a scheme for matter-wave
interferometry with atoms or molecules in high Rydberg states. For the pairs of Rydberg
states employed in the experiments, with induced electric dipole moments of up to 11 320 D
and 11 740 D, and hence differences in their electric dipole moments of up to 420 D, the
difference in the forces exerted on the matter-wave components by the electric field gradients
to which they were subjected were on the order of 10−24 N. The corresponding relative
accelerations were ∼ 100 m/s2. The typical displacements observed between the pairs of
matter-wave components at the end of the interferometry sequences were up to 150 pm while
the size of the atoms, given by 2〈r〉, where 〈r〉 is the expectation value the radial position
operator acting on the Rydberg electron wavefunction, were 320 nm. From the range of
experimental tests reported it is concluded that the maximal number of Rydberg-atom
interference fringes observed was limited by the requirements for the adiabatic evolution of
the Rydberg states in the combined electric and magnetic fields in which the experiments
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were performed. It is expected that a larger number of interference fringes could be seen
if, for low values of Vgrad, a longer period of free flight is included between the pairs of
electric field gradient pulses, or if lower-` Rydberg states, for which the criteria for adiabatic
evolution in the pulsed electric fields can be less restrictive, are employed.
The Rydberg-atom interferometry scheme presented here relies on the generation of an
inhomogeneous electric field distribution with a constant gradient in the direction of propa-
gation of the atomic beam. If this gradient is accurately known, from the precise geometry
of the electrode configuration, this type of interferometer represents a tool for measuring
matter-wave de Broglie wavelengths, and hence momenta. From this perspective, if forces
are exerted on the atoms in the direction perpendicular to the surface of the Earth, it is
expected that Rydberg-atom interferometry of the kind described here may be used to mea-
sure changes in de Brogile wavelength caused by the acceleration of samples in Rydberg
states in the gravitational field of the Earth. Such measurements are of interest at present
for systems composed of antimatter, e.g., antihydrogen – which is synthesised in high Ry-
dberg states – or positronium – which in its ground state is too short lived (142 ns) to
permit such measurements but when excited to Rydberg states exhibits significantly longer
lifetimes (> 10 µs) limited by spontaneous emission to the ground state.
In addition to measurements of antimatter gravity, the large size (320 nm) of the Rydberg
atoms used in the experiments reported here makes the methodology and results presented of
interest for studies of effects of matter-wave interference in macroscopic quantum systems.
In this context, future experiments directed toward investigations of the decoherence of
the superpositions of Rydberg-atom momentum states with large spatial separations are of
interest.
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